Abstract-This paper considers a multi-user multiple-input multiple-output (MU-MIMO) visible light communication (VLC) interference channel. The multi-user interference (MUI) can be successfully eliminated with the perfect knowledge of channel state information (CSI). However, the perfect information may not be available at transmitter, which will lead to severe interference and consequently degrade the system performance. Robust precoding design with the assist of block diagonalization (BD) scheme is proposed to minimize the mean square error (MMSE), which not only completely suppresses the MUI but also maximizes the sum rate of the MU VLC system. Simulation results are presented to validate the effectiveness of the proposed algorithm.
I. INTRODUCTION
In recent years, visible light communication (VLC) has been emerged as research interests to be an alternative technology which can satisfy the growing needs in wireless data and surmount the crowed radio spectrum for wireless communication systems [1] . It can serve room illumination and wireless data transmission simultaneously where the light-emitting diodes (LEDs) had become the suitable lighting equipment because of its characteristic of extreme high switching rate. Due to the limited modulation bandwidth of the LEDs, the VLC spectral efficiency improvement has become a challenging topic. Multiple-input multiple-output (MIMO) techniques can be considered a tremendous technology to achieve high data rate in indoor VLC systems without increasing system bandwidth [2] - [4] . The precoder and equalizer joint design of optical wireless MIMO system is studied with only one user considered [5] . Nevertheless, as the VLC broadcast nature, multiple users should be investigated, in which the system performance could be degraded resulting from the multi-user interference (MUI). Therefore, the MUI elimination is of critical importance for MU VLC system.
Precoding is a promising approach to suppress the MU interference from cellular to VLC systems [6] - [10] , [12] . The special case that the one user is equipped with only one photodetectors (PD) has been investigated over MISO VLC systems where the zero-forcing (ZF) beamforming was designed to maximize the achievable sum rate for downlink MISO VLC system [6] . Without perfectly eliminating the interference, the optimal transmit beamforming is designed to maximize the sum rate directly [7] . The optimal transceiver relying on the objective function of minimizing the maximum mean square error (MMSE) between the legitimate transmitted and received signals of the users are designed in [8] . The MU-MIMO optical orthogonal frequency division multiplexing (OOFDM) aided indoor VLC scheme is proposed where the MUI is mitigated by the MIMO precoder [9] . Moreover, the block diagonalization (BD) precoding technique is developed which maximizes the sum rate performance [10] . All above mentioned works are under the assumption at perfect channel state information (CSI). However, the channel uncertainty need to be considered in practical systems. Dirty paper coding (DPC), channel inversion (CI) and BD scheme are implemented in [12] and three different transmission precoding schemes' performance was studied under the imperfect CSI assumption where the considerable bit error rate (BER) can be achieved via BD technique. But the achievable sum rate has not been investigated which is an important metric for evaluating communication efficiency.
In this paper, we study the robust beamforming for MU-MIMO VLC downlink broadcast system where the MUI is the primary challenge resulting in system sum rate degradation. Under the assumption of perfect CSI, the BD technique combining with water-filling algorithm are exploited to entirely eliminate the MUI and the maximum sum rate is achieved. However, in practical system, the channel uncertainty may cause that the MUI cannot perfectly eliminated, and the underlying problem becomes non-convex. As result, a robust precoding design is proposed to minimize the MSE, which is equivalent to the sum-rate optimization problem. Instead of MU-MISO transceiver design by minimize MSE under the assumption of the perfect channel information [8] , our approach involves MU-MIMO interference channel and the channel uncertainty. Simulation validates that the proposed robust algorithm can achieve the improvement of sum rate performance in contrast to the case in which channel uncertainty has not been taken into considered.
The rest of the paper is organized as follows. Section II presents the MU-MIMO VLC model. Section III investigates the beamforming design with perfect CSI for MU-MIMO VLC systems. Section IV discusses the robust approach with imperfect channel information while simulation results are demonstrated in Section V. Finally, Section VI concludes this work.
II. SYSTEM AND CHANNEL MODEL
We consider an indoor MU-MIMO VLC system that consists of N transmitting LED arrays and K user terminals, each equipped with L LEDs and M k receiver photodetectors (PDs) respectively. The total number of PDs in this indoor ] T ∈ R N ×N and each row of W k represent a precoding matrix at each LED array for k-th user. The precoded data signal at n-th LED array is
The transmitted optical signal at n-th LED array can be written as
where p n is the direct current (DC) bias and also the average optical intensity of the n-th LED. The constraint to ensure the non-negativity and limited linear range requirement of the LED array input signal can be expressed as
Since we have
Therefore, the constraint for the precoding matrix to ensure (2) can be presented as
where
There are two types of links in the VLC system which cause the received signals constituted by two components. One is the direct line-of-sight (LOS) component propagated from LED to the receiver and the other is diffuse component caused by reflections from the walls. It is sensible that the volume of our research is just an internal part of a larger indoor normal environment. Therefore, the diffuse component can be neglected [11] .
With only the LOS link considered, each element h
M k ×N denotes the path loss between i-th PD of the k-th user and j-th LED array, where the path loss can be written as [11] , [12] 
In (5), d ijl denotes the distance between the l-th LED in the j-th LED array and i-th PD, ϕ ijl is the angle of emission relative to the optical axis of the LED array, ψ ijl is the incidence angle relative to PD, Ψ F OV denotes the optical field of view (FOV) of the PD and g (ψ ijl ) is the gain of optical concentrator which given by
where κ is the refractive index of concentrator. R o (ϕ ijl ) is the Lambertain radiant intensity of each LED,
with m being the order of Lambertain emission determined by the semi-angle for half illuminance of the LED Φ 1/2 , and m = ln 2/ ln ( cos Φ 1/2 ) . Hence, the received optical signal after removing the DC components at the k-th user can be expressed as
where γ k is the detector responsivity of the k-th PD, z k ∈ R M k ×1 is additive white Gaussian noise with zero mean and
III. SUM RATE MAXIMIZATION PROBLEM FORMULATION
With assumption that the channel state information is perfectly know at transmitter side, the transmitted data can be efficiently precoded and the MUI H k W j will be diminished by utilizing BD algorithm that is
Supposing
which combines all channel matrices expect the k-th user's matrix H k , the singular value decomposition (SVD) ofH k can be obtained as
where r k = rank(H k ), V The maximum sum rate of MU-MIMO VLC can be achieved by solving the following problem, that is,
where e n denotes a zero vector with n-th element being one and I represents the identity matrix. We can treat H k V k as the effective channel matrix H e for k-th user, and it has a singular value decomposition represented as
By defining
the underlying problem (12) can be represented as
s.t.
where the optimal solution {λ opt 1 , . . . , λ opt r k } can be obtained via water-filling algorithm [13] .
IV. SUM RATE MAXIMIZATION WITH IMPERFECT CHANNEL INFORMATION
Due to the imperfection of the CSI in practical system, we develop a robust design to provide the robustness to the uncertainty. We assume thatĤ represents the estimated CSI for MU-MIMO VLC system, and channel estimation errors are taken into account, therefore the real channel in LOS link can be represented as
where ∆H is the corresponding channel estimation errors modeled as zero-mean Gaussian random model with variance σ 2 e [5] . The corresponding received signal with imperfect CSI at output of the k-th receiver becomes
where ∆H k can be denoted as
The elements of the M k × N matrix H w are independent and identically distributed (i.i.d) Gaussian random variables with zero mean and unit variance. R r is the M k × M k correlation matrix reflecting the correlations between receive antennas, and R t is the N × N correlation matrix reflecting the correlations between transmit antennas. Furthermore, the (i, j)-th entry of the corresponding covariance matrices can be chosen as α |i−j| and β |i−j| and the factors α and β represent transmit correlation and receive correlation respectively.
According to [14] , we have the mutual information of k-th user,
. tr (·) represents the trace of a matrix. By maximizing the sum of the lower bound of the mutual information over all k, the robust sum rate maximization formulation can be written as
which is neither convex or concave with respect to W k , though the estimated interference can be eliminated via BD technique, that is,
In order to overcome the difficulty in solving the non-convex problem, the objective function (19) needs further reformulation.
Base on (9) and (17), the corresponding estimated signal at the k-th receiver can be presented aŝ
where F k ∈ R M k ×N is the receive beamformer. Therefore, the MSE matrix can be expressed as
By introducing a weight matrix B k for each E k , we constructs the following problem
which is convex with respect to B k , F k and W k , respectively. The optimum solutions can be obtained via alternating minimization approach over F k , B k and W k sequently. The algorithm is briefly presented as follows. a) Given B k and W k , by taking the differential of the objective function with respect to F k , the optimal solution F k can be obtained by
By substituting (23) into (21), the minimum MSE matrix is given by
b) The optimal B k can be obtained from the first order optimality condition of the objective function in (22), that is,
Substituting the optimal B k into the objective function (22), we have the equivalent problem of the form
where the objective function is equivalent to the one in the robust sum rate maximization formulation (19) with BD algorithm, that is,
c) Given F k and B k , the optimum W k can be achieved by solving the following optimization problem, such as,
which is derived from plugging (21) into (22). The optical power constraint here is different from traditional electronic constraints in RF what are often based on the L 2 norm [15] . With the help of equation tr ( Table I unless otherwise specified. In the following, we investigate the performance of the water-filling algorithm with the same transmitting semi-angles in all transmitting LEDs. Two scenarios are considered with respect of the distance between two users. In scenario 1, the distance between the two users are relatively far away, which is set as [1, 1, 0.8] , [4, 4, 0.8] . While scenario 2 is assumed that the two users are close to each other, where the locations of two users are [2, 2, 0.8] and [2.5, 2.5, 0.8] respectively. Fig. 1 shows the achievable sum rate via the water-filling algorithm with different scenarios, in which a higher sum rate can be achieved when the two users are not near with each other. Moreover, the sum rate performance is degraded by the high channel correlation due to the short distance between the two users, which demonstrates the advantage of spatial multiplexing. As we expected the average sum rate performance improves with the reduction of the channel estimation errors and the proposed robust BD-WMMSE design outperforms the nonrobust scheme. When the channel estimation errors becomes small, two algorithms have the similar performance because that the channel uncertainty no longer dominate the achievable SNR .
VI. CONCLUSION
In this paper, we maximized the average sum rate for indoor MU-MIMO VLC downlink broadcast channel where BD beamforming with the assist of WMMSE algorithm is exploited to suppress the MUI with the channel estimation errors. Robust design is considered to maximize the sum rate with the imperfect CSI, and the optimal solution is obtained by solving the sum-rate maximization problem which is further reformulated as WMMSE problem. Simulation result shows that the robust design can provide robustness against the channel uncertainty.
